INTRODUCTION
============

Nucleic acid quadruplexes are DNA and RNA secondary structures based on a planar arrangement of four guanines, called G-tetrad or G-quartet, which can be considered as their structural unit. The remarkable stability of these structures is one of their most important characteristic and, probably the reason of their large spread in several significant genomic regions ([@gkr670-B1]). Apart the natural occurrence of these structures (promoter region, centromeres, telomeres, etc.), quadruplexes can also be adopted by a number of aptamers endowed by noteworthy biological activities including anti-HIV ([@gkr670-B2] and references cited therein), anti-proliferative ([@gkr670-B3] and references cited therein) and anti-coagulation aptamers ([@gkr670-B4],[@gkr670-B5] and references cited therein). Furthermore, several deoxyribozymes have been found to contain quadruplexes as structural elements ([@gkr670-B6]). In addition, quadruplex structures seem to be involved in some genetic human diseases ([@gkr670-B7]). A characteristic feature of G-quadruplexes is their dramatic structural variability involving several aspects mutually interconnected as the molecularity, the relative strands arrangement, the glycosidic conformation of the residues (*syn* or *anti*), the size of the grooves and the presence of loops connecting the strands ([@gkr670-B8]).

In view of the biological relevance of these structures, the understanding of the molecular forces that rule the quadruplex folding is of particular interest. As a matter of fact, a number of reports have identified several factors that are able to affect the quadruplex structures folding topology: (i) the number of G-tetrads that can form: folding topologies should be preferred characterized by a higher quantity of stacked G-tetrads; (ii) the strand concentration: higher concentration should favour the formation of complexes with higher molecularity; (iii) the length and the base composition of the loops ([@gkr670-B9; @gkr670-B10; @gkr670-B11; @gkr670-B12]); (iv) the nature of the cation involved in the quadruplex formation ([@gkr670-B12],[@gkr670-B13]); (v) the molecular crowding ([@gkr670-B14]); (vi) the presence of modified bases able to modulate the *syn*/*anti* equilibrium of the glycosidic bond conformation ([@gkr670-B15; @gkr670-B16; @gkr670-B17; @gkr670-B18; @gkr670-B19; @gkr670-B20; @gkr670-B21; @gkr670-B22]). Taking into account the close relationship between the strands orientation in a quadruplex structure and the glycosidic angles of the guanine residues, the regulation of this structural feature is one of the most used approaches to affect the folding topology of a quadruplex complex. For example, it is well known that 8-substituted purines facilitate the *syn* conformation ([@gkr670-B15; @gkr670-B16; @gkr670-B17; @gkr670-B18; @gkr670-B19; @gkr670-B20; @gkr670-B21]) while RNA ([@gkr670-B22]) and LNA ([@gkr670-B23]) residues promote the *anti* conformation. In this context, with the aim to favour and stabilize a particular structure, several investigations on quadruplexes have been performed by introducing 8-bromo-2′-deoxyguanosine residues in sequence positions in which a guanine adopting a *syn* glycosidic conformation has been found or hypothesized ([@gkr670-B15; @gkr670-B16; @gkr670-B17; @gkr670-B18]). However, in NMR experiments, the use of this modified nucleotide in structural investigation shows a not negligible drawback due to the absence of any non-exchangeable protons at position 8, that does not allow the direct assessment of the glycosidic conformation, thus complicating the structure elucidation. In this context, the use of 8-methyl-2′-deoxyguanosine residues appears more appealing by virtue of the protons of methyl group that, thanks to the size similar to the bromine atom, is similarly able to promote a *syn* glycosidic conformation ([@gkr670-B19],[@gkr670-B20],[@gkr670-B24]). Notwithstanding the advantageous properties of this base analogue, it is rarely used in the structural investigations of quadruplex complexes.

In this article, we report a structural study, based on NMR and CD spectroscopies, and molecular mechanics of all possible d(TG~3~T) and d(TG~4~T) analogues ([Table 1](#gkr670-T1){ref-type="table"}), containing two 8-methyl-2′-deoxyguanosine residues. Particularly, the potential ability of these modified residues to orientate the strands and, then, to affect the folding topology of tetramolecular quadruplex structures has been investigated. Table 1.Sequences of the ODNs studied and apparent melting temperatures (*T*~1/2~) of the quadruplex structures formed by themNameSequence (5′--3′)*T*~1/2~ (°C) at λ~max~ (CD)**TG~3~T**TGGGT45[^a^](#gkr670-TF1){ref-type="table-fn"}**T12**TMMGT57[^a^](#gkr670-TF1){ref-type="table-fn"}**T13**TMGMT34[^a^](#gkr670-TF1){ref-type="table-fn"}**T23**TGMMTND**TG~4~T**TGGGGT65[^b^](#gkr670-TF2){ref-type="table-fn"}**F12**TMMGGT73[^b^](#gkr670-TF2){ref-type="table-fn"}**F13**TMGMGT47[^b^](#gkr670-TF2){ref-type="table-fn"}**F14**TMGGMT51[^b^](#gkr670-TF2){ref-type="table-fn"}**F23**TGMMGT52[^b^](#gkr670-TF2){ref-type="table-fn"}**F24**TGMGMT34[^b^](#gkr670-TF2){ref-type="table-fn"}**F34**TGGMMT24[^b^](#gkr670-TF2){ref-type="table-fn"}[^2][^3][^4]

MATERIALS AND METHODS
=====================

Oligonucleotides synthesis and purification
-------------------------------------------

The modified oligonucleotides reported in [Table 1](#gkr670-T1){ref-type="table"} were synthesized on a Millipore Cyclone Plus DNA synthesizer using solid phase β-cyanoethyl phosphoramidite chemistry at 15 µmol scale. The synthesis of the suitably protected 8-methyl-2′-deoxyguanosine-3′-phosphoramidite was performed following the synthetic strategy proposed by Khoda *et al.* ([@gkr670-B25]). The oligomers were detached from the support and deprotected by treatment with concentrated aqueous ammonia at 55°C overnight.

The combined filtrates and washings were concentrated under reduced pressure, re-dissolved in H~2~O, analysed and purified by high-performance liquid chromatography on a Nucleogel SAX column (Macherey--Nagel, 1000-8/46), using buffer A: 20 mM KH~2~PO~4~/K~2~HPO~4~ aqueous solution (pH 7.0) containing 20% (v/v) CH~3~CN and buffer B: 1 M KCl, 20 mM KH~2~PO~4~/K~2~HPO~4~ aqueous solution (pH 7.0) containing 20% (v/v) CH~3~CN; a linear gradient from 0 to 100% B for 30 min and flow rate 1 ml/min were used. The fractions of the oligomers were collected and successively desalted by Sep-pak cartridges (C-18). The isolated oligomers proved to be \>98% pure by NMR.

NMR
---

NMR samples were prepared at a concentration of \~3 mM, in 0.6 ml (H~2~O/D~2~O 9:1 v/v) buffer solution having 10 mM KH~2~PO~4~/K~2~HPO~4~, 70 mM KCl and 0.2 mM EDTA (pH 7.0). All the samples were heated for 5--10 min at 80°C and slowly cooled (10--12 h) to room temperature. The solutions were equilibrated for several weeks at 4°C. The annealing process was assumed to be complete when ^1^H-NMR spectra were superimposable on changing time. NMR spectra were recorded with Varian Unity INOVA 700 MHz and Varian Unity INOVA 500 MHz spectrometers. 1D proton spectra of the sample in H~2~O were recorded using pulsed-field gradient DPFGSE ([@gkr670-B26]) for H~2~O suppression. ^1^H-chemical shifts were referenced relative to external sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS). Pulsed-field gradient DPFGSE sequence was used for NOESY ([@gkr670-B27]) (180 and 80 ms mixing times) and TOCSY ([@gkr670-B28]) (120 ms mixing time) experiments in H~2~O. All experiments were recorded using STATES-TPPI ([@gkr670-B29]) procedure for quadrature detection. In all 2D experiments, the time domain data consisted of 2048 complex points in t2 and 400--512 fids in t1 dimension. A relaxation delay of 1.2 s was used for all experiments.

CD spectroscopy
---------------

CD samples of modified oligonucleotides and their natural counterparts \[d(TGGGT)\]~4~ and \[d(TGGGGT)\]~4~ were prepared at a concentration of 1 × 10^−4^ M by using the buffer solution: 10 mM KH~2~PO~4~/K~2~HPO~4~, 70 mM KCl (or 10 mM NaH~2~PO~4~/Na~2~HPO~4~, 70 mM NaCl) and 0.2 mM EDTA (pH 7.0). In order to avoid discrepancies between NMR and CD results, we prepared CD samples by directly withdrawing the appropriate amounts from the NMR tubes and diluting them just before the CD profile registration. CD spectra of all quadruplexes and CD melting curves were registered on a Jasco 715 CD spectrophotometer. For the CD spectra, the wavelength was varied from 220 to 320 nm at 100 nm/min scan rate, and the spectra recorded with a response of 16 s, at 2.0 nm bandwidth and normalized by subtraction of the background scan with buffer. The temperature was kept constant at 20°C with a thermoelectrically controlled cell holder (Jasco PTC-348). CD melting curves were recorded as a function of temperature from 20°C to 90°C for all quadruplexes at their maximum Cotton effect wavelengths. The CD data were recorded in a 0.1 cm path length cuvette with a scan rate of 10°C/h.

Gel electrophoresis
-------------------

Modified oligonucleotides were analysed by non-denaturing PAGE. Samples in the NMR buffer (10 mM KH~2~PO~4~, 70 mM KCl and 0.2 mM EDTA, pH 7) were loaded on a 20% polyacrylamide gel containing Tris--Borate--EDTA (TBE) 2.5× and KCl 50 mM. The run buffer was TBE 1× containing 100 mM KCl. Single-strand samples were obtained by LiOH denaturation. For all samples, a solution of glycerol/TBE 1×100 mM KCl 2:1 was added just before loading. Electrophoresis was performed at 9.2 V/cm at a temperature close to 5°C. Bands were visualized by UV shadowing.

Molecular modelling
-------------------

The main conformational features of quadruplexes **F12**, **F14**, **F24**, **F13**, **T12** and **T13** were explored by means of a molecular modelling study. The AMBER force field using AMBER 99 parameter set was used ([@gkr670-B30]). In all cases, with the exception of **F13**, the initial coordinates for the starting models of the quadruplexes \[d(TGGGGT)\]~4~ and \[d(TGGGT)\]~4~ (for the G4-run and G3-run series, respectively) were taken from the NMR solution structure of the quadruplex \[d(TTGGGGT)\]~4~ (Protein Data Bank entry number 139D), with one of the four available structures chosen randomly.

The initial \[d(TGGGGT)\]~4~ G-quadruplex model was built by deleting the first thymidine residue in each of the four d(TTGGGGT) strands. The \[d(TGGGT)\]~4~ model instead was obtained from the \[d(TGGGGT)\]~4~ one by removing the 3′-end thymidine residue and replacing the final 3′-end 2′-deoxyguanosine with a thymidine residue. The complete structures of quadruplexes containing two 8-methyl-2′-deoxyguanosine residues were then built using the Biopolymer building tool of Discover by deleting two canonical 2′-deoxyguanosines at time for each strand and replacing them with 8-methyl-2′-deoxyguanosines for each model. According to NMR results, the 8-methyl-2′-deoxyguanosines were arranged in the *syn* conformation for M2 and in *anti* for M3 of **T12** and **F12** models. In the cases of **T13**, **F14** and **F24** both the modified residues were disposed in *syn*, according to NMR data. As far as **F13** is concerned, the initial coordinates for the starting model were taken from the NMR solution structure of the quadruplex \[d(GGGGTTTTGGGG)\]~2~ (Protein Data Bank entry number 156D). By deleting the two central thymidine residues in the loop for both the d(GGGGTTTTGGGG) strands and by adding thymidine residues to the ends showing bare 2′-deoxyguanosine residues, a \[d(TGGGGT)\]~4~ anti-parallel quadruplex structure was obtained. The complete structure containing two 8-methyl-2′-deoxyguanosine residues was then built using the Biopolymer building tool of Discover by deleting two canonical 2′-deoxyguanosines at time for each strand and replacing them with 8-methyl-2′-deoxyguanosines. In accordance to NMR data, the 8-methyl-2′-deoxyguanosines were arranged in the *syn* conformation for M2, M4, M8 and M10 residues of the **F13** model. The calculations were performed using a distance-dependent macroscopic dielectric constant of 4r, and an infinite cut-off for non-bonded interactions to partially compensate for the lack of solvent used ([@gkr670-B31]). Using the steepest descent followed by quasi-NewtoneRaphson method (VA09A), the conformational energy of each complex was minimized until convergence to an RMS gradient of 0.1 kcal/mol Å was reached. Illustrations of structures were generated using the INSIGHT II program, version 2005 (Accelrys, San Diego, CA, USA). All the calculations were performed on a PC running Linux ES 2.6.9.

RESULTS
=======

NMR experiments
---------------

In NMR investigations of G-quadruplex structures, the appearance of imino proton resonances in the region between 10.5 and 12.0 ppm in ^1^H-NMR spectra can be considered as one of the distinctive features of complexes containing G-tetrads ([@gkr670-B32]). Thus, the inspection of this region is commonly used both to assess whether the oligonucleotide adopts a unique or major structure and to provide insight into its symmetry.

The quite simple appearance of 1D spectra of ODNs **T12**, **T13**, **F12**, **F14** and **F24** ([Figure 1](#gkr670-F1){ref-type="fig"}) in K^+^-containing solution (or in Na^+^-containing solution) indicate that, under the conditions utilized, these oligomers form a main, well-defined hydrogen-bonded conformation consistent with highly symmetric G-quadruplex structures containing three (**T12** and **T13**) or four (**F12**, **F14** and **F24**) G-tetrads, thus showing all strands equivalent to each other. The ^1^H-NMR spectrum of **T12** (500 MHz, *T* = 25°C) shows the presence of three main well-defined signals in the region 10.8--12.0 ppm, attributable to imino protons involved in Hoogsteen hydrogen bonds of G-quartets, and the presence of three singlets in the aromatic region belonging to the H8 unmodified guanine and to the two H6 thymine protons. Furthermore, four methyl resonances at \~1.6 ppm for the two T-CH~3~ and at 2.2--2.5 ppm for the two M-CH~3~ were observed (data not shown). In contrast, the 1D spectrum of **T13** at the same temperature shows the presence of two sets of signals in the aromatic range between 7.2 and 8.2 ppm, each formed by three signals slightly differing in intensity and only three low imino peaks in the region 10.8--12.0 ppm (data not shown). By raising the temperature up to 50°C, three out of six signals gradually increased in intensity whereas the other three, along with the three imino peaks, progressively disappeared. Thus, at 50°C only three signals were present in the aromatic region of the ^1^H-NMR spectrum, while no imino peaks were present. These data clearly indicate that at 50°C, **T13** is exclusively present as single strand that, at 25°C, coexists with nearly equally amounts of quadruplex structure. In view of detailed structural investigations, the quadruplex/single-strand ratio could be improved by decreasing the temperature to 7°C. In these conditions, the 1D spectrum shows that quadruplex **T13** possesses a 4-fold symmetry (as for **T12**), as indicated by the number of imino and aromatic protons ([Figure 1](#gkr670-F1){ref-type="fig"}). Figure 1.Aromatic and imino protons regions of the ^1^H-NMR spectra (500 and 700 MHz) of **T12, T13, F12, F13, F14, F24, F2B4M** and **F2M4B** ([Table 1](#gkr670-T1){ref-type="table"}) in 10 mM KH~2~PO~4~/K~2~HPO~4~, 70 mM KCl and 0.2 mM EDTA (pH 7.0). The temperature is 25°C for all samples except **T13** for which *T* = 7°C. For **F13** aromatic signals belonging to the major quadruplex structure are indicated by asterisks.

Similarly, since ODNs **F12**, **F14** and **F24** contain four G-residues in their sequences, the quadruplex structures formed by them are characterized by all strands equivalent to each other. In fact, these ODNs show the presence of four imino proton resonances in the region between 10.5 and 12.0 ppm and four main singlets in the aromatic region between 7.0 and 8.0 ppm, two belonging to the two unmodified guanine H8 and two to the thymine H6 protons. The strands equivalence for quadruplexes formed by ODNs **F12**, **F14** and **F24** is further confirmed by the four methyl resonances in the range between 1.3 and 1.6 ppm attributable to the two T-CH~3~ and between 2.2 and 2.5 ppm attributable to the two M-CH~3~, that were observed for all three samples.

In contrast, the ^1^H-NMR spectrum of **F13** ([Figure 1](#gkr670-F1){ref-type="fig"}) comes out more complicated than the previous ones. Indeed, in this case, the imino protons region is quite crowded and the number of signals suggests the presence in solution of several types of quadruplex structures. However, although the imino region does not allow a reliable estimation of the symmetry of the main structure, the number and the intensity of the aromatic protons signals would seem compatible with the presence of a major 2-fold symmetric structure, since eight main signals can be distinguished out of the other aromatic signals, belonging to minor quadruplex structures ([Figure 1](#gkr670-F1){ref-type="fig"}).

For the ODNs previously discussed, the exchange rates of the imino protons with solvent were qualitatively estimated by partially drying them in water and reconstituting them in D~2~O. Periodic examination of the imino proton signals shows that they slowly exchange into D~2~O solution compared to the NMR timescale, consistently with the high kinetic stability and low solvent accessibility of quadruplex structures (data not shown). As far as **T23**, **F23** and **F34** are concerned, the crowded imino and aromatic protons regions ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr670/DC1)) indicate the presence of several quadruplex structures, thus preventing us from further studying these samples in depth.

Since **T12**, **T13**, **F12**, **F14** and **F24** show 1D spectra clearly indicating that, under the conditions utilized, each ODN forms a main quadruplex structure, they have been further investigated by 2D NMR techniques. Their NOESY ([Figures 2--4](#gkr670-F2 gkr670-F3 gkr670-F4){ref-type="fig"}, [Supplementary Figures S2](http://nar.oxfordjournals.org/cgi/content/full/gkr670/DC1) and [S3](http://nar.oxfordjournals.org/cgi/content/full/gkr670/DC1)) and TOCSY spectra have shown well-dispersed crosspeaks and consequently, both exchangeable and non-exchangeable protons could be nearly completely assigned following the standard procedures ([Supplementary Tables S1--S3](http://nar.oxfordjournals.org/cgi/content/full/gkr670/DC1)). As reported for other parallel quadruplex structures, the observed NOEs among G-H8 and T-H6 and their own H1′, H2′ and H2″ ribose protons and the H1′, H2′ and H2″ protons on the 5′-side suggest that all these quadruplexes assume a right-handed helical winding. As for the glycosidic torsion angles, for all the quadruplex structures formed by the five ODNs investigated, the presence of very weak NOEs between G-H8 and the corresponding ribose H1′ and of strong NOEs between G-H8 and ribose H2′ indicates that all unmodified guanosines possess *anti* glycosidic conformations, irrespectively of the ODN sequence. On the other hand, the behaviour of the M residues depends from the sequence context and for each structure it will be discussed separately. Figure 2.Expanded 2D NOESY spectrum of **T13** (700 MHz; 7°C; strand concentration \~3 mM; 10 mM KH~2~PO~4~/K~2~HPO~4~, 70 mM KCl and 0.2 mM EDTA, pH 7.0 in H~2~O/D~2~O 9:1; total volume 0.6 ml; mixing time 180 ms) correlating bases M CH~3~-8 protons and sugar protons H1′ and H2″. Figure 3.Expanded 2D NOESY spectrum of **F14** (500 MHz; 25°C; strand concentration \~3 mM; 10 mM KH~2~PO~4~/K~2~HPO~4~, 70 mM KCl and 0.2 mM EDTA, pH 7.0 in H~2~O/D~2~O 9:1; total volume 0.6 ml; mixing time 180 ms) correlating bases M CH~3~-8 protons and sugar protons H1′ and H2″. Figure 4.Expanded 2D NOESY spectra of **F24** (**A**), **F2B4M** (**B**) and **F2M4B** (**C**) (700 MHz; 25°C; strand concentration \~ 3 mM; 10 mM KH~2~PO~4~/K~2~HPO~4~, 70 mM KCl and 0.2 mM EDTA, pH 7.0 in H~2~O/D~2~O 9:1; total volume 0.6 ml; mixing time 180 ms) correlating bases M CH~3~-8 protons and sugar protons H1′ and H2′.

In the quadruplex structure formed by **T12**, the first M residue in sequence shows a *syn* glycosidic conformation, as judged by the intense NOEs between the methyl group in 8-position and the H1′ sugar proton and the weaker crosspeak between methyl and H2″ ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkr670/DC1)). In contrast, the second M residue adopts an *anti* glycosidic conformation as the unmodified guanosine ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkr670/DC1)). A similar behaviour could be evidenced for the quadruplex structure formed by **F12**, in which only the 5′-end side modified guanosine shows a *syn* glycosidic conformation, while the other purines adopt *anti* glycosidic conformations ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkr670/DC1)). NMR data for **T12** and **F12** are compatible with the formation of tetramolecular parallel quadruplex structures characterized by an all-*syn* tetrad at the 5′ end and two (for **T12**) or three (for **F12**) all-*anti* tetrads for the other purines ([Figure 5](#gkr670-F5){ref-type="fig"}). These results are in agreement with those obtained for monosubstituted TG~3~T and TG~4~T in the first and second positions, folding in quadruplex structures in which the modified guanosines form all-*syn* tetrads only if positioned at the 5′-end side ([@gkr670-B33],[@gkr670-B34]). Figure 5.Schematic representation of the quadruplexes formed by **T12, T13, F12, F13, F14** and **F24**. *Anti* and *syn* residues are in grey and black, respectively. For each structure, equivalent residues are identically named. T residues have been omitted for clarity.

NOESY examination about the quadruplex formed by ODN **T13** revealed that both the modified guanosines adopt *syn* glycosidic conformations ([Figure 2](#gkr670-F2){ref-type="fig"}), although this structure comes out less stable than quadruplex **T12** and their natural counterpart \[d(TGGGT)\]~4~ ([Table 1](#gkr670-T1){ref-type="table"}). In this case, NMR data are compatible with a tetramolecular parallel quadruplex in which two all-*syn* tetrads are present at the 3′- and 5′-end sides, while the central tetrad is formed by guanosines adopting *anti* glycosidic conformations ([Figure 5](#gkr670-F5){ref-type="fig"}).

Also in the case of ODN **F14**, NMR data ([Figure 3](#gkr670-F3){ref-type="fig"}) showed that both the modified residues adopt *syn* glycosidic conformations suggesting the formation of a tetramolecular parallel quadruplex characterized by two all-*syn* tetrads at the 5′- and 3′-end of the G tract ([Figure 5](#gkr670-F5){ref-type="fig"}). This arrangement is consistent with that of the quadruplex structures adopted by the monosubstituted ODNs TMGGGT and TGGGMT, in which the M residues form an all-*syn* tetrad in both cases ([@gkr670-B33]).

Unfortunately, although also ODN **F24** forms a major quadruplex structure ([Figure 1](#gkr670-F1){ref-type="fig"}), as the previous ones, the chemical shift values of the methyl groups in 8-position and of the H1′ ribose protons are very similar for both the M residues ([Figure 4](#gkr670-F4){ref-type="fig"}A), resulting in strong NOE crosspeaks overlapped, that was not possible to resolve notwithstanding we tried to use higher magnetic field (700 MHz), different temperatures of acquisition and a more concentrated KCl solution (up to 140 mM) (data not shown).

Nevertheless, NOESY data indicate the presence of at least one *syn* M residue, although we are led to believe that both the modified guanosines adopt *syn* glycosidic conformations for the following reasons: (i) the presence of a large NOE crosspeak involving methyl groups and H1′ ribose protons of both M residues compared to a small NOE crosspeak involving methyl groups and H2′ ribose protons of the same residue, thus suggesting that both M residues adopt *syn* glycosidic conformations ([Figure 4](#gkr670-F4){ref-type="fig"}A); (ii) no sequential base-H1′, H2′, H2″ connectivities for both the 5′-GM-3′ steps could be observed, as already reported in other quadruplex structures containing 5′-G(*anti*)G(*syn*)-3′ steps ([@gkr670-B35]). However, in order to support this assumption we have investigated the behaviour of two **F24** analogues expressly prepared, namely TGMGBT (**F2M4B**) and TGBGMT (**F2B4M**), in which M = 8-methyl-2′-deoxyguanosine and B = 8-bromo-2′-deoxyguanosine. Taking into account that the van der Waals radii of bromine atom and methyl group are comparable and, then, they are similarly able to promote the *syn* glycosidic conformation ([@gkr670-B24],[@gkr670-B36]), quadruplex structures adopted by them are confidently very similar to that formed by **F24**. However, in the cases of **F2M4B** and **F2B4M**, the presence of only one 8-methyl-2′-deoxyguanosine for each sequence allowed us to observe individually the behaviour of the modified residues in the two quadruplex structures, thus circumventing the overlapping of the chemical shift values for methyl groups in 8-position and H1′ ribose protons observed in the case of **F24**. Both **F24** analogues are able to form a major quadruplex structure in solution ([Figure 1](#gkr670-F1){ref-type="fig"}). For both quadruplex structures formed by **F2M4B** and **F2B4M**, the presence of a strong NOEs between the methyl group in 8-position and the H1′ sugar proton compared to the weaker or absent crosspeaks between methyl and H2′ ([Figure 4](#gkr670-F4){ref-type="fig"}B and C), clearly point to M residues adopting *syn* glycosidic conformations. Since no interstrand NOEs have been observed for quadruplexes formed by **F24**, **F2M4B** and **F2B4M** the whole of the data clearly indicate that **F24** forms a tetramolecular parallel quadruplex, in which M residues and canonical guanosines adopt *syn* and *anti* glycosidic conformations, respectively, and the four strands are equivalent to each other, thus resulting in an unprecedented arrangement characterized by alternating all-*anti* and all-*syn* tetrads ([Figure 5](#gkr670-F5){ref-type="fig"}).

Although the ^1^H-NMR spectrum of **F13** ([Figure 1](#gkr670-F1){ref-type="fig"}) appears quite complicated, thus suggesting the presence of several types of quadruplex structures, nevertheless the number of imino resonances could be compatible with a prevalent quadruplex structure characterized by a 2-fold symmetry. Even if NOESY ([Figure 6](#gkr670-F6){ref-type="fig"}) and TOCSY spectra only allowed us to partially assign the resonances ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkr670/DC1)), three important facts emerged from data: (i) the presence of four types of M residues ([Figure 6](#gkr670-F6){ref-type="fig"}A) all adopting *syn* glycosidic conformations and four types of canonical guanines all adopting *anti* glycosidic conformations; (ii) the presence of four types of thymines ([Figure 6](#gkr670-F6){ref-type="fig"}B); (iii) a NOESY crosspeak between T1-H6 and T6-CH~3~ belonging to the same type of strand ([Figure 6](#gkr670-F6){ref-type="fig"}B). The first two data point to a complex containing two types of strands (A and B in [Figure 5](#gkr670-F5){ref-type="fig"}), thus supporting the presence of a major quadruplex structure with a 2-fold symmetry, while the latter datum would be compatible only with an anti-parallel strand arrangement. According to NMR and CD data (see below), we propose that **F13** forms a major tetramolecular anti-parallel quadruplex structure in which two adjacent strands run in one direction and the other strands run in the opposite one (A~2~B~2~ type) ([@gkr670-B37]) ([Figure 5](#gkr670-F5){ref-type="fig"}). In fact, the whole of data allow us to rule out the parallel arrangement (A~4~ type) ([@gkr670-B37]) and the anti-parallel strand arrangements in which strands pointing in opposite directions alternate (AB)~2~ type ([@gkr670-B37]), for both of which an equivalence of the four strands would be expected ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkr670/DC1)), and the mixed parallel--anti-parallel arrangement (A~3~B type) ([@gkr670-B37]) characterized by no symmetry. Figure 6.**(A)** Expanded 2D NOESY spectrum of **F13** (700 MHz; 25°C; strand concentration \~3 mM; 10 mM KH~2~PO~4~/K~2~HPO~4~, 70 mM KCl and 0.2 mM EDTA, pH 7.0 in H~2~O/D~2~O 9:1; total volume 0.6 ml; mixing time 180 ms) correlating bases M CH~3~-8 protons and sugar protons H1′ and H2′. **(B)** Expanded 2D NOESY spectrum of **F13** correlating thymines (T) CH~3~-5 and H6. The box indicates NOE contact between H6T1 (strand A) and CH~3~T6 (strand A). The inset shows a schematic representation of the upside view of the suggested quadruplex structure for **F13.** The two types of strands are labelled A and B. Dots and crosses indicate 3′- and 5′-ends, respectively. N, M and W indicate narrow, medium and wide grooves, respectively.

CD spectroscopy and melting
---------------------------

This technique is often used to acquire preliminary data about the quadruplex folding topology or to confirm structural information obtained by other techniques. In this section, mainly we will discuss CD experiments of the ODNs that have proven by NMR to adopt a major quadruplex structure. The interpretation of the CD profiles could be facilitated taking into account a recent review in which a non-empirical chromophoric interpretation of CD spectra of quadruplex structures has been proposed ([@gkr670-B38]). According to the authors, CD profiles can be interpreted in terms of different stacking orientation between adjacent G-tetrad irrespectively of the relative strands arrangement (parallel--anti-parallel). In fact, considering the heterotopic nature of the two faces of a G-tetrad, when two G-tetrads are stacked, each of them can interact with the adjacent one through the same (head-to-head, HH or tail-to-tail, TT) or the opposite (head-to-tail, HT) face resulting in a heteropolar or homopolar stacking, respectively ([@gkr670-B38]).

In [Figure 7](#gkr670-F7){ref-type="fig"}A, CD spectra of quadruplexes **T12** and **T13** are shown compared with their natural counterpart. The CD profile of **T12** exhibits two positive bands at 246 and 295 nm and two negative ones at 230 and 266 nm. According to the NMR results the proposed structure is characterized by one heteropolar (HH) and one homopolar (HT) stacking ([Figure 5](#gkr670-F5){ref-type="fig"}), as for quadruplex structures formed by ODNs TBGGT (tetramolecular, B = 8-bromo-2′-deoxyguanine) ([@gkr670-B39]), TMGGT (tetramolecular) ([@gkr670-B33]) and G~3~T~4~G~3~ (bimolecular) ([@gkr670-B40; @gkr670-B41; @gkr670-B42]) that show quite similar CD profiles ([@gkr670-B38]). Figure 7.CD spectra of ODNs (**A**) **TG~3~T** (solid lines), **T12** (dotted lines) and **T13** (dashed lines); (B) **TG~4~T** (solid lines), **F12** (dotted lines) and **F14** (dashed lines); (C) **TG~4~T** (solid lines), **F13** (dotted lines) and **F24** (dashed lines) at 20°C, strand concentration 0.1 mM, 10 mM KH~2~PO~4~/K~2~HPO~4~, 70 mM KCl and 0.2 mM EDTA, pH 7.0.

On the other hand, CD spectrum of **T13** shows two positive bands at 244 and 297 nm and a large negative band at 265 nm. The quadruplex structure proposed for **T13** ([Figure 5](#gkr670-F5){ref-type="fig"}) shows two heteropolar (HH) stacks. In 'antiparallel' quadruplexes, as those formed by ODNs G~4~T~4~G~4~ (bimolecular) ([@gkr670-B43],[@gkr670-B44]) and G~4~T~2~G~4~TGTG~4~T~2~G~4~ (monomolecular) ([@gkr670-B44]), G-tetrads are piled only through heteropolar stackings. In fact, their CD profiles are almost superimposable to that of **T13**, this datum corroborating the quadruplex structure proposed for this ODN according to the NMR experiments.

The main features of CD spectrum of **T23** ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkr670/DC1)) are a positive band at 257 nm and a negative band at 291 nm that would suggest a dominance of 'parallel' structures containing homopolar stackings. However, in this case, as underlined before in the NMR section, the large amount of random coil and the absence of a major quadruplex structure make impracticable to obtain reliable structural information from the CD spectrum.

[Figure 7](#gkr670-F7){ref-type="fig"}B shows CD spectra of **F12** and **F14** compared with their natural counterpart. CD profile of quadruplex **F12** displays two positive bands at 261 and 299 nm and a negative band at 237 nm. NMR experiments pointed to a tetramolecular parallel quadruplex structure in which the first tetrad is all-*syn* while the other ones are all-*anti*, thus leading to one heteropolar (HH) and two homopolar (HT) stackings ([Figure 5](#gkr670-F5){ref-type="fig"}). This tetrads arrangement occurs in quadruplex formed by ODN TMGGGT ([@gkr670-B34]) that shows a CD spectrum almost superimposable to that of quadruplex **F12**, apart for the difference in intensity of the band at 297 nm that could be tentatively ascribed to the presence of two M residues in **F12**. On the other hand, the same number of heteropolar and homopolar stacks are present in quadruplexes proposed for some ODNs containing inversion of polarity sites as ^3′^TGG^5′^-^5′^GGT^3′^ (two HT and one HH stacking) and ^5′^TGG^3′^-^3′^GGT^5′^ (two HT and one TT stacking) that show CD profiles similar to that of **F12** ([@gkr670-B38],[@gkr670-B45]).

CD spectrum of quadruplex **F14** shows mainly two positive bands at 250 and 296 nm, and two negative bands at 231 and 268 nm. In this case, NMR results have strongly suggested a quadruplex structure characterized by two heteropolar (one HH and one TT) and one homopolar stacks ([Figure 5](#gkr670-F5){ref-type="fig"}) that, unfortunately, results in an unprecedented tetrads arrangement, thus preventing us to directly compare CD profiles of **F14** and those of similar quadruplex structures. In spite of this, a comparison of CD spectra of **F14** and **T13** (forming a quadruplex with only heteropolar stackings) clearly shows that the negative band \~265 nm (distinctive of heteropolar stackings) ([@gkr670-B38]) is relatively less pronounced for **F14**, as expected for a quadruplex structure in which two heteropolar and one homopolar stacks occur. Therefore, also the CD profiles of **F14** is in good agreement with the proposed quadruplex structure according to the NMR results.

The CD spectrum of ODN **F13** ([Figure 7](#gkr670-F7){ref-type="fig"}C) supports the assumption based on NMR data previously described, since it shows two positive bands at 243 and 297 nm and a strong negative band at 263 nm, which matches a CD profile typical of an 'anti-parallel' quadruplex structure characterized only by heteropolar stackings. More significantly, CD spectrum of **F13** is essentially superimposable to that of the bimolecular quadruplex \[d(G~4~T~4~G~4~)\]~2~ ([@gkr670-B44]) that folds in an anti-parallel arrangement in which two adjacent strands run in one direction and the other ones run in the opposite direction (A~2~B~2~ type) ([@gkr670-B37]), thus matching the anti-parallel quadruplex structure proposed for **F13** ([Figure 5](#gkr670-F5){ref-type="fig"}).

Also, in the case of **F24**, its CD spectrum corroborates the conclusions deriving from NMR experiments. In fact, its CD profile exhibits two positive bands at 248 and 295 nm and two negative bands at 228 and 265 nm suggesting the presence of only heteropolar stackings \[compare CD profiles of **F24** with the heteropolar stacked quadruplexes **T13**, \[d(G~4~T~4~G~4~)\]~2~ ([@gkr670-B43],[@gkr670-B44]) and d(G~4~T~4~G~4~TGTG~4~T~4~G~4~) ([@gkr670-B44])\].

The CD profiles for **F23** and **F34** ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkr670/DC1)) appear very similar to that of **F14** ([Figure 7](#gkr670-F7){ref-type="fig"}B). However, in these cases, as for **T23** and in contrast to **F14**, NMR data do not support the presence of a major quadruplex structure, thus making impracticable the acquisition of reliable information from the CD spectra.

In order to estimate thermal stability of the quadruplex structures formed by the modified ODNs, melting and annealing CD measurements were performed in comparison with \[d(TGGGT)\]~4~ and \[d(TGGGGT)\]~4~ under the same experimental conditions. Since for most of the modified TGGGGT no melting curves have been observed in potassium solution, experiments were performed in potassium buffer for modified TGGGT and in sodium buffer for modified TGGGGT. In the latter case, the CD profiles in Na^+^ solution (data not shown) were very similar to those in K^+^ solution, thus indicating no significant structural differences between quadruplexes formed in sodium and potassium solutions. As expected, due to the tetramolecular nature of the complexes, severe hysteresis phenomena were observed for all ODNs (data not shown), despite the very slow scan rates used (10°C/h), thus indicating that the systems were not at equilibrium. However, we obtained good melting profiles (data not shown) that allowed us to determine the apparent melting temperatures (*T*~1/2~) usually considered quite useful to compare thermal stabilities ([@gkr670-B46]). The apparent melting temperatures of the modified ODNs were listed in [Table 1](#gkr670-T1){ref-type="table"}. The *T*~1/2~ of quadruplexes formed by ODNs **T12** and **F12** come out higher than their natural counterparts, thus confirming results obtained for modified ODNs TGGGT and TGGGGT containing only one M residue ([@gkr670-B33],[@gkr670-B34]) in which the introduction of an 8-methyl-2′-deoxyguanosine at the 5′-end of the G-run results in an improved thermal stability, while the same modification at the second position does not affect significantly the structural properties compared to the natural sequences. On the other hand, for parallel quadruplex structures (**T12**, **T13**, **F12**, **F14** and **F24**), data clearly show that thermal stability decreases as the position of the M residues approaches the 3′-end, this result is also in good agreement with data obtained for modified ODNs TGGGT and TGGGGT containing only one M residue ([@gkr670-B33],[@gkr670-B34]). The *T*~1/2~ of quadruplexes formed by ODNs **F23** and **F34** are in good agreement with this trend as well, although in these cases, NMR data have not allowed us to gain any insights into their structural properties.

Gel electrophoresis
-------------------

In order to estimate the molecularity of the complexes, we performed PAGEs of the modified TGGGT and TGGGGT quadruplexes compared with their natural counterparts \[d(TGGGT)\]~4~ and \[d(TGGGGT)\]~4~, respectively ([Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gkr670/DC1)). For most of the cases, the migration of the non-denaturated samples appears undoubtedly slower than those of the corresponding single strands, clearly showing the presence of multimolecular complexes. However, samples of **T12**, **F12** and **F13** were able to completely renaturate in the PAGE conditions, while for **F14** and **F24** a partial renaturation occurs during the electrophoretic run. On the other hand, in the case of **T23**, we have been able to observe only the single strand probably due to the inadequate amount of quadruplex structure present in solution, as suggested by the ^1^H-NMR spectrum ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr670/DC1)). For both the series, modified TGGGT and TGGGGT quadruplexes migrate faster than their natural counterparts. This effect has been already observed for the electrophoretic motilities of the monosubstituted series ([@gkr670-B34]). In several cases, no structures larger than tetramolecular quadruplexes could be detected. However, in the cases of **T13**, **F24** and **F34**, PAGEs show minor amounts of slower migrating species probably attributable to higher order structures.

Molecular modelling
-------------------

Literature data concerning similar structures and NMR data collected in this study allowed us to obtain molecular models for quadruplexes formed by **T12**, **T13**, **F12**, **F13**, **F14** and **F24** and compare their structures. Concerning the molecular models of **T12** and **F12** ([Figure 8](#gkr670-F8){ref-type="fig"}), it can be noted that all purine bases involved in the formation of G-tetrads, including the modified residues M, are able to form well-defined and planar tetrads and the resulting quadruplex structures show an optimal right-handed helical twist and a 4-fold symmetry. In both quadruplexes, the M residues of the first tetrad assume a perfectly *syn* glycosidic conformation without causing any distortions of the backbone and resulting in a good stacking with the underneath all-*anti* M-tetrad. As far as **F24** ([Figure 8](#gkr670-F8){ref-type="fig"}), **F14** and **T13** ([Supplementary Figure S7](http://nar.oxfordjournals.org/cgi/content/full/gkr670/DC1)) are concerned, as expected, also in these cases all structures show a right-handed helical backbone geometry, in which the strands are equivalent to each other without any severe distortions, notwithstanding the unusual presence of two all-*syn* M-tetrads. Nevertheless, it is interesting to note that in both **F14** and **F24** structures, the first two tetrads at the 5′-end have an almost planar conformation, while the remainder tetrads exhibits a bowl shape, more pronounced at 3′-end. In particular, this phenomenon is more marked in the case of **T13**, in which the M residues near to the 3′-end are only partially engaged in the tetrad and then, more accessible to the solvent, according to NMR data recorded at 25°C (data not shown). The general structural features of the molecular models discussed above are in good agreement with the data obtained from the apparent melting temperature measurements, clearly indicating that quadruplexes **T12** and **F12** are more stable than structures formed by their homologous ODNs ([Table 1](#gkr670-T1){ref-type="table"}). In the case of **F13**, NMR and CD data suggest that the quadruplex structure exhibits adjacent strands parallel in pair, with alternating 5′-*syn--anti--syn--anti*-3′ residues along the G-tract, thus resulting in four *syn--syn--anti--anti* tetrads in which M residues and canonical guanosines adopt *syn* and *anti* glycosidic conformations, respectively. This arrangement implies a peculiar feature: the presence of two symmetric medium grooves, one narrow groove and one wide groove, with the width being determined by the relative orientations of the sugar moieties. In our model ([Figure 8](#gkr670-F8){ref-type="fig"}), four methyl groups of the M residues lie perfectly in the two medium grooves (two methyl groups for each groove), while the remaining four methyl groups lie in the wide groove. It is noteworthy that this structural arrangement does not imply any severe distortion of the tetramolecular complex, which strictly resembles that of the diagonally looped structure showed by the *Oxytricha* telomere repeat \[d(G~4~T~4~G~4~)\]~2~ in solution ([@gkr670-B47]). Figure 8.Molecular models of the quadruplexes formed by ODNs **T12, F12, F13** and **F24**. The structures are oriented with the 5′-end upward (carbons, green; nitrogens, blue; oxygens, red; hydrogens, white; phosphorus, pink).

DISCUSSION
==========

Since the first decade after the discovery of G-quadruplexes, these structures have been successfully investigated by introducing modified guanines in the DNA sequence and observing the effects on the structural features and thermodynamic stability. In this context, the C8 position of the guanine is particularly suitable, mainly for two reasons: (i) it does not affect the Watson--Crick and Hoogsteen pairing distinctive of a G-tetrad; and (ii) a bulky substituent in this position shifts the equilibrium conformation around the glycosidic bond to favour the *syn* conformation. If, on one hand, the replacement of *syn* guanines by 8-substituted analogues has proven to be rather useful in stabilizing the structure, on the other hand, the same replacement concerning *anti* guanines decreases the stability, thus suggesting the use of a 8-substituted guanosine as a chemical probe ([@gkr670-B48]). A noteworthy exception to this rule concerns the introduction of 8-substituted guanosine analogues in parallel quadruplex structures in which, in general, all G-residues adopt *anti* glycosidic conformation. Several authors report that the insertion of a residue of 8-bromo-2′-deoxyguanosine ([@gkr670-B49]), 8-amino-2′-deoxyguanosine ([@gkr670-B50]) or 8-methyl-2′-deoxyguanosine ([@gkr670-B34]) at the 5′-end of the G-run in tetramolecular quadruplexes as \[d(TG~n~T)\]~4~ (*n* = 3--5) increases the thermal stability and accelerates the formation of the complexes. Interesting results regarding the structural features come out, as well. For example, in quadruplex structures \[d(TG~3~T)\]~4~ and \[d(TG~4~T)\]~4~ the effects of an 8-methyl-2′-deoxyguanosine incorporation are sequence dependent ([@gkr670-B34]): the replacement of the first guanosine in sequence results in the formation of an all-*syn* tetrad never observed before in solution, while the replacement of the second guanosine in sequence, surprisingly, does not affect the original *anti* preference of the residue, notwithstanding the presence of the methyl group in the 8 position usually promoting a *syn* glycosidic conformation. Since, to the best of our knowledge, only one investigation concerning the introduction of more than one 8-substituted deoxyguanosine analogues in parallel quadruplexes has been reported to date ([@gkr670-B51]), we have explored the ability to form G-quadruplexes and their structural properties of ODNs analogues of TG~3~T and TG~4~T in which two canonical guanines have been replaced by 8-methyl-2′-deoxyguanosine residues ([Table 1](#gkr670-T1){ref-type="table"}). Results obtained for ODNs **T12** and **F12** confirm the findings obtained for ODNs analogues of TG~3~T and TG~4~T in which one canonical guanine has been replaced by an 8-methyl-2′-deoxyguanosine residue ([@gkr670-B33],[@gkr670-B34]): these ODNs adopt a tetramolecular parallel G-quadruplex characterized by an all-*syn* M-tetrad stacked to an all-*anti* M-tetrad. In particular, it is noteworthy that **F12** forms this unusual structure, although it could potentially adopt several strand orientations in all of which the canonical guanines and the 8-methyl-2′-deoxyguanosine residues adopt *anti* and *syn* glycosidic conformations, respectively ([Supplementary Figure S8](http://nar.oxfordjournals.org/cgi/content/full/gkr670/DC1)). However, it should be noted that all these structures would be characterized by four *syn--syn* steps that, among the four possible base pair step patterns (namely, *syn--anti*, *anti--anti*, *anti--syn* and *syn--syn*), have suggested to be the less stable, according to a recent study on MD simulation and free energetic analyses for simplified two quartet \[d(GG)\]~4~ models ([@gkr670-B52]).

The case of **T13** is particularly remarkable. As a matter of fact, it adopts a parallel G-quadruplex structure containing two all-*syn* M-tetrads. At the best of our knowledge, this is the first G-quadruplex in which it has been ascertained that the *syn* purines exceed in number the *anti* purines, even if this structure comes out the less stable in the series.

**F14** also prefers a parallel folding topology. However, in contrast to **F12**, it should be noted that no anti-parallel G-quadruplex structures would be compatible with strand orientation characterized by canonical guanines adopting *anti* conformations and M residues adopting *syn* conformations; although, in principle, M residues could adopt *anti* conformations, as for the second guanosine in the G-quadruplex formed by **F12**.

The cases of **F13** and **F24** are worth to be discussed together. In fact, both the ODNs show a sequence in which canonical G and modified M residues alternate. In principle, these ODNs would be able to form all types of tetramolecular non-parallel G-quadruplex structures characterized by canonical G and the M residues adopting *anti* and *syn* glycosidic conformations, respectively ([Supplementary Figures S4](http://nar.oxfordjournals.org/cgi/content/full/gkr670/DC1) and [S9](http://nar.oxfordjournals.org/cgi/content/full/gkr670/DC1)). However, their behaviour appears quite different. As a matter of fact, **F24** forms an unprecedented parallel G-quadruplex structure characterized by alternating all-*anti* G-tetrads and all-*syn* M-tetrads, while NMR, CD and molecular modelling data strongly suggest that **F13** adopts a major structure with strands being parallel in pairs (A~2~B~2~ type) ([@gkr670-B37]) and characterized by four *syn--syn--anti--anti* tetrads in which canonical G adopt *anti* conformations and M residues adopt *syn* conformations. This strands arrangement is similar to that observed for bimolecular G-quadruplexes containing four G-tetrads, formed by the two-repeat *Tetrahymena* telomeric d(TG~4~TTG~4~T) ([@gkr670-B53]) sequence and by the *Oxytricha* telomere repeat d(G~4~T~4~G~4~) ([@gkr670-B47]) in solution. It should be noted that all the anti-parallel quadruplex structures containing two or four stacked tetrads \[both A~2~B~2~ and (AB)~2~ types\] ([@gkr670-B37]) described in literature to date, are characterized by 5′-ends of the quadruplex stem starting with a *syn* residue ([@gkr670-B12],[@gkr670-B47],[@gkr670-B53; @gkr670-B54; @gkr670-B55; @gkr670-B56]). Furthermore this feature is also present for most of the non-parallel quadruplex structures containing three tetrads ([@gkr670-B17],[@gkr670-B57; @gkr670-B58; @gkr670-B59; @gkr670-B60; @gkr670-B61; @gkr670-B62; @gkr670-B63; @gkr670-B64; @gkr670-B65]). This characteristic has been successfully exploited in the design of a new G-quadruplex topology through glycosidic bond angles and by controlling the fold through the length of the loops ([@gkr670-B66]). The quadruplex structure proposed for **F13** ([Figure 5](#gkr670-F5){ref-type="fig"}) is in good agreement with the literature data on other anti-parallel quadruplexes, since the G-run of **F13** starts with a M residue that favours a *syn* glycosidic conformation. To the best of our knowledge, this is the first tetramolecular anti-parallel quadruplex structure strongly suggested on the basis of NMR and CD data, even though some authors have proposed the formation of a A~2~B~2~ type anti-parallel tetrameric quadruplex for the double repeat of human telomere d(TTAGGGTTAGGG) in Na^+^ solution ([@gkr670-B67]). On the other hand, although the sequence of **F24** is also composed by alternating canonical guanines and modified M residues, it prefers to adopt a parallel strand arrangement. This datum could be explained taking into account that the G-run of **F24** does not start with a M residue prone to assume a *syn* conformation, as in the case of **F13**, thus making the formation of an anti-parallel quadruplex structure not particularly favourable.

The results described in this investigation supply further data to the structural features of the quadruplex complexes concerning the relative strands orientation and the glycosidic conformation of the bases and expands the known structural motifs of the DNA G-quadruplexes. In particular, the ability of two 8-methyl-2′-deoxyguanosine residues, introduced in different sequence positions, to orientate the strands in parallel quadruplex structures has been investigated: ODNs containing two modified bases are able to form both parallel and anti-parallel quadruplex structures. The possibility of introducing into the grooves of a quadruplex structure methyl groups that are potentially able to establish hydrophobic interactions may be of interest in the area of anti-HIV aptamers forming tetramolecular quadruplexes such as the phosphorothioate \[d(T~2~G~4~T~2~)\]~4~ ([@gkr670-B68]) and \[d(GAGGGT)\]~4~ analogues ([@gkr670-B2]) in order to improve the affinity and specificity to their target. Furthermore, some quadruplexes examined in this research could be considered good models for the study of the interaction between groove binder compounds and quadruplex of biological interest ([@gkr670-B69]).
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